Abstract Peritoneal dialysis (PD) is generally considered the preferred extracorporeal therapy for neonates with acute kidney injury (AKI). However, there are situations when PD is not suitable, such as in patients with previous abdominal surgery, hyperammonemia and significant ascites or anasarca. Additionally, with a need to start PD soon after catheter placement, there is increased risk of PD catheter leak and infection. Extracorporeal continuous renal replacement therapy (CRRT) is challenging in severely ill neonates as it requires obtaining adequately sized central venous access to accommodate adequate blood flow rates and also adaptation of a CRRT machine meant for older children and adults. In addition, ultrafiltration often cannot be set in sufficiently small increments to be suitable for neonates. Although CRRT practices can be modified to fit the needs of infants and neonates, there is a need for a device designed specifically for this population. Until that becomes available, providing the highest level of care for neonates with AKI is dependent on the shared experiences of members of the pediatric nephrology community.
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Continuous venovenous hemodiafiltration
In a recent article in Pediatric Nephrology, Lee and Cho review their continuous renal replacement therapy (CRRT) experience in 34 neonates with acute kidney injury (AKI) [1] . Although single center and retrospective, there are several noteworthy characteristics of this study. The authors standardize neonatal AKI using the neonatal RIFLE (nRIFLE) criteria to define and stratify severity of AKI. Of the 34 neonates included in the study, 44 % were born preterm (25-36 weeks), with 60 % of these preterm infants being either extremely or very low birth weight. All patients had AKI, and 24 patients met the nRIFLE class F (Failure) criterion. Survival was 50 %. Continuous venovenous hemodiafiltration (CVVHDF) with Prisma or Prismaflex (Gambro/Baxter Int., Lund, Sweden) dialysis machines and M10 (50 ml) or HF20 (55 ml) filters was used for all CRRT treatments. Access was via internal jugular 6.5-French (Fr) hemodialysis catheters. Mean filter life was 51.1 h. Similar to other studies in pediatric CRRT patients [2] [3] [4] 5] , fluid overload (FO), defined by the percentage weight gain over weight at admission to the neonatal intensive care unit (NICU), was independently associated with mortality [6] . Neonatal studies have reported an FO of >15-20 % to be associated with poor outcome defined as need for CRRT, prolonged NICU stay, time to extubation or death within 30 days postcardiothoracic surgery [7, 8] . Interestingly, this study by Lee and Cho [1] reports a much higher FO cut-off of 30 % being associated with poor outcomes, including 100 % mortality for patients reaching an FO of >30 %. The authors propose higher body surface area, calorie consumption and insensible water loss in neonates as a possible explanation. They address this issue by using actual weight-based calculations to determine FO, as the higher insensible losses in NICU patients make the more commonly used (total fluid in − total fluid out)/admission weight formula potentially less reliable. In addition, as neonates have true weight gain over time, the comparison of fluid balance to NICU admission weight might overestimate overall fluid accumulation. Serial daily weights would have been more useful, but unfortunately these data are not available. Similar to data [9, 10] reported in adults, oliguria at both the start and at the end of CRRT was a poor prognostic factor and was associated with mortality.
CRRT was initiated without anticoagulation and heparin was started only if the initial CRRT filter life was <12 h. Despite this, mean CRRT filter life was quite good in this challenging patient population; one could possibly conceive that initiating anticoagulation routinely at the start of CRRT may have prolonged filter life even more.
This study brings to light a larger issue: we have a unique subset of smaller and younger patients that require renal replacement therapy, but lack the ideal tools to manage them. CRRT machines available for use are currently approved by the Federal Drug Administration for patients weighing >25 kg; however, these are frequently used off label for patients weighing <20 kg. This presents several challenges to provide CRRT to the neonate, such as frequent blood exposure with blood prime due to the large extracorporeal volume, high blood flow rate and smaller vascular access that has been shown to be associated with increased risk of filter clotting [2] . Westrope et al. described their experience using <7-Fr dialysis catheters in neonates using FH22 and HF07 filters with pediatric lines [(extracorporeal volume (ECV) 78 ml and 119 ml, respectively)] which was associated with a median CRRT circuit survival of 40 h [11] . The present study by Lee and Cho [1] reports longer filter life even in the absence of anticoagulation.
Although there are CRRT filters with small ECV, such as the one used in the study of Lee and Cho [1] these are often AN 69 filters that have been associated with bradykinin release syndrome leading to hemodynamic instability at the initiation of CRRT. Widespread availability of the polyarylethersulfone filters, such as HF20, could improve the safety profile in hemodynamically fragile neonates.
Several new machines are currently in development or being modified to provide small extracorporeal sizes that address the needs of the neonate and small infants with AKI. The Miniaturized Cardio-Renal Pediatric Dialysis Emergency Machine (CARPEDIEM) developed by Ronco et al. [12] has a reduced ECVof 27 ml and a built-in syringe pump for heparin infusion with sensitive built-in scales for infusion and effluent bags as well as ultrafiltration; the ultrafiltration accuracy is consistently within 1 g/h and fluid pump imprecision is ±7.5 %. The authors recently described their first successful trial on a 3-day-old neonate with 63 % FO using a 4-Fr 5-cm dual lumen hemodialysis catheter placed in the femoral vein [13] .
The Newcastle infant dialysis and ultrafiltration system (NIDUS) has been designed to provide CVVHD to patients weighing between 800 g and 8 kg [14] . Coulthard et al. [14] described their experience dialyzing nine babies weighing between 1.8 and 5.9 kg using a single lumen vascular access without the need for blood priming (ECV <10 ml). Patients on NIDUS were found to have consistently higher clearances of urea, creatinine and phosphate compared to peritoneal dialysis with an ultrafiltration precision of <0.25 %.
The Aquadex FlexFlow system (Gambro), which was designed for the purpose of ultrafiltration in adults with congestive heart failure refactory to diuretic therapy, has been adapted for renal replacement therapy by Askenazi et al. [15] . Reported complications were related to hypothermia and anticoagulation with heparin; however, six of 12 infants lived to discharge. Although the ECVof 33 ml makes it an attractive option, there is no pump to provide countercurrent dialysis, so only CVVHF can be done by prefilter replacement fluid and heparin infusions external to the device that do not communicate directly with the Aquadex circuit. The blood pump accuracy is +15-20 % and the ultrafiltration accuracy is ±10 %, ranges which can have huge implications for smaller patients.
There remains a great need for precise CRRT machines with small ECVs that can provide adequate and safe dialysis to neonates. Although the aforementioned CRRT machines are promising, they are not yet readily available clinically, which necessiates the use of what is available, and not necessarily what is ideal, to treat this unique group of patients. As technology continues to advance, CRRT equipment designed specifically for neonates is likely to become more accessible to those providing care to critically ill newborns. The development and implementation of this powerful tool would advance the field of neonatal AKI and stands to significantly influence outcomes for one of our most vulnerable patient populations. As with most innovative medical devices, the clinical application of these emerging neonatal CRRT circuits to an individual patient should involve multidisciplinary discussions which consider the risks and benefits of the therapy, treatment goals and endpoints, comorbidities, long-term survival prognosis and respect for parental views regarding the quality of life they desire for their child. Dialytic treatment remains a palliation, not cure, to end-stage renal disease (ESRD). Survival of more neonates with AKI and resultant chronic kidney disease or ESRD could lead to a change in the topography of the pediatric ESRD population with emerging long-term comorbidities and changing demands on resources.
